Abstract
Vector-control of permanent magnet synchronous motor drives
The basic equations of permanent magnet synchronous motors (PMSM) can be derived from (1) and (2) . Equation (1) Equation (2) defines the electromagnetic torque of the motor [30, 31] :
where p is the number of pole-pairs. It is reasonable to choose a common coordinate system where the real axis is fixed to the poleflux-vector (Fig. 1 ). This coordinate system is called the "d-q" coordinate system [32] , where the real axis is called the "direct-axis" (shortly: "d-axis") and the imaginary axis is called the "quadrature-axis" (shortly: "q-axis"). The direct-and the quadrature-axis components of the stator flux vector are as follows [33] :
ψ p : the amplitude of the poleflux-vector L d , L q : the direct-and the quadrature-axis synchronous inductances i d , i q : the direct-and the quadrature-axis components of the stator current vector
Substituting (3) and (4) into (1) the relationships between the direct-and the quadrature-axis components of the stator voltage-and current vectors are the following [4, 5] 
Substituting (3) and (4) into (2) the following equation can be derived for the absolute value of the electromagnetic torque:
where i is the amplitude of the stator current vector and ϑ p is the torque-angle (see Fig. 2 ).
The electromagnetic torque consists of two components: the excitation torque and the reluctance torque. In the case of most permanent magnet synchronous servo motors the direct-and the quadrature-axis synchronous inductances are nearly identical, thus the reluctance torque is negligible [5] . Therefore this article assumes that L d = L q . In this case (9) can be rewritten as: Where: ω r : the mechanical angular velocity of the rotor J : the moment of inertia for the total system reduced to the shaft of the motor m e (t) : the electromagnetic torque of the motor m l (t) : the load torque (reduced to the shaft of the motor) ω r0 : the initial mechanical angular velocity of the rotor In this model the friction-torque is taken into account as a component of the load-torque, therefore the motor-torque equals to the electromagnetic torque. Also, iron-losses of the stator are neglected. Equations (5), (6) , (10) , (11) together form the differential-equation system of the complete drive system.
Coordinate-transformations
Most vector-control methods require coordinate-transformations during the implementation. In this section only the most common coordinate-transformations will be summarized shortly. Fig. 1 shows the most commonly used coordinate-systems: the "abc" coordinate-system, the "x-y" coordinate-system (9) and the d-q coordinate-system. The former two coordinate-systems are stationary coordinate-systems, while the d-q coordinate-system is rotating with the poleflux-vector. Both the xy-and the dq coordinate-systems use Cartesian-coordinates, while the abc coordinate-system uses phase quantities. Fig. 1 Coordinate-systems [34] The "abc-to-xy" transformation performs the transformation of the phase quantities into the x-y coordinate-system. For stator currents this can be expressed as:
The "xy-to-dq" transformation performs the transformation from the x-y coordinate-system to the d-q coordinate-system. For the stator current vector this can be expressed as:
where θ is the rotor-angle in electrical degrees. Similarly, the "dq-to-xy" transformation for the stator current vector is:
And the "xy-to-abc" transformation is:
Direct torque control with space vector modulation
For surface-mounted permanent magnet synchronous motors (2) can be further expressed as:
Thus, the absolute value of the electromagnetic torque:
where ψ is the amplitude of the stator flux vector and δ is the load-angle (the angle between the stator flux vector and the poleflux-vector, see Fig. 2 ).
Fig. 2
Vector and angle definitions [35, 36] According to (22) the electromagnetic torque can be regulated by controlling the amplitude of the stator flux vector and the load-angle. This is the basic principle of direct torque control with space vector modulation (DTC-SVM). Fig. 3 shows the block diagram of the complete control system [1] [2] [3] . (22) signal (v 1 and α 1 ) that is fed to the space vector modulator (SVM). The stator flux vector and the electromagnetic torque are estimated by an estimator (EST) which uses the stator current vector (expressed in the x-y coordinate-system) and the rotor angle (in electrical degrees) as input parameters. Fig. 4 shows the block-diagram of the predictive controller.
The predictive controller uses a δ-controller -which is in default a PI-controller -that forms the δ-increment signal (Δδ) based on the torque-error signal. The δ-increment signal is added to the actual angle of the stator flux vector (γ) in order to form the stator flux angle reference signal (γ ref ).
Fig. 4 Predictive controller [2]
The voltage vector calculator block produces the stator voltage vector reference based on the stator flux vector reference, using the following equations: The amplitude and the angle of the stator flux vector can be calculated as follows:
The estimator uses (10) for calculating the electromagnetic torque.
Space vector modulation
In this article a two-level voltage-source inverter (VSI) is assumed as power electronics topology. Fig. 6 shows the voltage vectors belonging to the switching states of the inverter (shortly: inverter-vectors).
Because each of the three legs of the inverter can have two states, there are 2 3 =8 switching vectors that can be utilized for the synthesis of the reference stator voltage vector: six active vectors (v ̅ (1), … , v ̅ (6)) and two zero vectors (v ̅ (7) and v ̅ (8), marked as v ̅ (0) on Fig. 6 for better visibility). where k = 1, 2, 3 …, 6 and ν dc is the DC-bus voltage [37, 38] . In each PWM-period the reference voltage vector (v ̅ 1 (n) on Fig. 6 ) is synthesised as the linear combination of the neighbouring vectors of the current sector (the sector numbers are marked with red on Fig. 6 ). The two zero vectors are neighbouring vectors to all of the six sectors (the one should be chosen that leads to the minimal number of switching per PWM-periods). For example,
if the reference voltage vector is located in the first sector (like on Fig. 6 ) vectors v ̅ (1), v ̅ (2) and v ̅ (0) can be used for the synthesis of the reference voltage vector. The required duty cycles of the inverter-vectors are the following: 
Simulation results for DTC-SVM
Simulation was carried out for a synchronous servo motor in Matlab-Simulink environment, using the parameters in Table 1 . Investigations are carried out for the normal operation region only. The simulation uses the optimized switching strategy for space vector modulation detailed in [4, 5] . Current-limitation was also implemented during the investigations, which switches the zero vector on the motor if an overcurrent condition occurs. The stator flux amplitude reference signal was set to its nominal value.
The simulated process is the following. There is a speed-reference step at 0 ms and after that load-torque steps at 100 ms, 200 ms and at 300 ms, respectively (see Fig. 7 ). Investigations are carried out for torque-ripple and for various speed-references: 0 rpm, 1000 rpm, 2000 rpm and 3000 rpm. The loadtorque is always the same: 0 Nm between 0 ms and 100 ms, 2 Nm (154% of the nominal torque) between 100 ms and 200 ms, 1 Nm (77% of the nominal torque) between 200 ms and 300 ms and 0.5 Nm (38% of the nominal torque) between 300 ms and 400 ms. Fig. 7 shows the complete process for a 3000 rpm speed-reference. Table 2 shows the results for the RMS of the torque-ripple, which is shown in percentage of the mean-torque. Fig. 7 The simulated process for 3000 rpm speed-reference It will be shown that the modified DTC-SVM proposed in this article (MDTC-SVM) produces practically the same RMS torque-ripple while significantly improving the overload-capability of the drive system.
Overload-capability problems of DTC-SVM
Investigations carried out for classical DTC-SVM have shown that this control method is very sensitive to overload conditions. It shows poor overload-capability and instability during overload conditions. The simulated process is the following: an acceleration up to 3000 rpm and then a load-torque step of 5 Nm (385% of the nominal torque) at 100 ms (Fig. 8) .
As it can be seen on Fig. 8 DTC-SVM is unable to compensate for the load-torque step. Fig. 9 shows the torque-reference and the actual torque during this process. It can be clearly seen that DTC-SVM (32) (31) (30) attempts to follow the torque-reference step of 7 Nm, the electromagnetic torque increases up to approximately 3.9 Nm and then torque-control becomes unstable. Torque-reference was limited for 3 Nm during the acceleration for 3000 rpm in order to avoid this instability issue and make acceleration possible. δ-controller was limited to ± π ⁄ 2 . Current-limit was set to 600% of the nominal current during the whole process.
Research conducted on this issue have provided sufficient evidence that the poor overload-capability and the instability is caused by the fact that in the case of classical DTC-SVM the amplitude of the stator flux vector is controlled in an open-loop fashion. Therefore, an increasing torque-error does not cause an increase in the stator flux amplitude reference signal, which leads to reduced overload-capability. Also, the instability is caused by the fact that DTC-SVM regulates torque through the load-angle only and the load-angle flows over its optimum value (90°) over time due to the fact that it is incremented by the δ-controller. This can be seen on Fig. 10 , which shows the load-angle in the function of time for the process illustrated by Fig. 8 and Fig. 9 . Fig. 8 The speed during overload conditions for DTC-SVM Fig. 9 The torque-reference and the actual torque during overload conditions for DTC-SVM Fig. 10 The load-angle during overload conditions for DTC-SVM Fig. 11 shows the δ-increment signal, which is saturated in the most of the time because the δ-controller is trying to compensate for the torque-error. 
MDTC-SVM
In order to eliminate the overload-capability problems and instability associated with classical DTC-SVM a novel DTC-SVM method was invented. Fig. 12 shows the block-diagram of the MDTC-SVM. According to Fig. 12 both the predictive controller and the estimator are modified. Fig. 13 shows the block-diagram of the modified estimator (MEST).
The MEST does not calculate the electromagnetic torque. Instead, the load-angle is calculated using (33):
The amplitude and the angle of the stator flux vector are calculated according to (27) and (28) . Fig. 14 shows the block-diagram of the modified predictive controller (MPC). The MPC regulates both the load-angle and the amplitude of the stator flux vector in a closed-loop manner. Based on the torque-reference signal the load-angle reference signal is synthesized using (34):
Because the load-angle regulation is based on the load-angle error signal instead of the torque-error signal (like in classical DTC-SVM on Fig. 4) , the nonlinear dependency of the load-angle from the torque is excluded. This improves control performance. The δ-controller (δ − ctrl) synthesizes the δ-increment signal (Δδ) which is added to the actual angle of the stator flux vector (γ) in order to form the stator flux angle reference signal (γ ref ). Also, the ψ-controller (ψ − ctrl) synthesizes the ψ-increment signal (Δψ) which is added to the amplitude of the stator flux vector in order to form the stator flux amplitude reference signal that is fed to the voltage vector calculator (ψ ref, VVC ,) . The voltage vector calculator (VVC) uses (35) , (36) , (25) , (26) 
Simulation results for MDTC-SVM
Simulation was carried out for MDTC-SVM with the same parameters as for DTC-SVM in 2.4. The simulated process is the same as in 2.4. Fig. 15 shows the complete process for a 3000 rpm speed-reference. Table 3 shows the results for the RMS of the torque-ripple, which is shown in percentage of the meantorque. According to Table 2 and Table 3 there is no significant difference between classical DTC-SVM and MDTC-SVM in regard of the RMS of the torque-ripple. Also, the torque-control dynamic performance of the two methods is practically identical. 
Overload-capability of the MDTC-SVM
Investigations were carried out for the same process as in 2.5 with the same parameters (same current limit, etc.). Fig. 16 shows the speed in the function of time for MDTC-SVM during overload conditions, while Fig. 17 shows the torque-reference (34) (35) (36) and the actual torque for this process. As it can be seen on Fig. 16 and Fig. 17 MDTC-SVM is able to compensate for the load-torque. Also, MDTC-SVM is stable even though it is unable to follow the 7 Nm torque-reference. The electromagnetic torque goes up to approximately 5.5 Nm, which is enough to compensate for the 5 Nm load-torque. Fig. 18 shows the load-angle during the entire process. It can be clearly seen on this figure that the load-angle exceeds 90° during the load-torque transient. The drive however, remains stable during the entire process because -according to Fig. 19 -the ψ-controller "helps" the δ-controller in the compensation of the load-torque.
A comparison of overload-capabilities of the two methods
Both classical DTC-SVM and MDTC-SVM were tested for their overload-capabilities in the function of speed (Table 4 ). The interpretation of Table 4 is the following: the values indicated in Table 4 are the maximum load-torque steps that can be compensated on the specific speed with each method; these are expressed relative to the nominal torque of the motor in the brackets. However, a load-torque step greater than the one indicated in Table 4 results in that classical DTC-SVM becomes unstable, while MDTC-SVM remains stable. For example, classical DTC-SVM is capable of compensating for a load-torque step of up to 4.71 Nm value at standstill but it is unable to compensate for a 4.72 Nm load-torque step at standstill and becomes unstable in this case.
According to Table 4 , the overload-capability of MDTC-SVM is superior to that of classical DTC-SVM on every speed. In addition, the overload-capability of MDTC-SVM is practically independent of the speed, while the overload-capability of classical DTC-SVM is heavily dependent on the speed: the overload-capability decreases as the speed increases. The latter can be explained by the fact that as the speed decreases the induced voltage in the armature also decreases. Therefore, the Fig. 19 ). Lastly, Fig. 20 and Fig. 21 shows a comparison for the stability of the two methods. Fig. 20 shows the torque-reference and the actual torque for the same process as in 2.5, except that the load-torque step at 100 ms is of 3,79 Nm value. This is 0.01 Nm (≈0.3%) greater than the value indicated in Table 4 for classical DTC-SVM on 3000 rpm and this already causes the collapse of classical DTC-SVM. On the contrary, MDTC-SVM does not collapse at the beginning of the torque-transient (Fig. 21) , tries to compensate for the load-torque step at 100 ms, even though the load-torque step is of 6 Nm value, which is 0.5 Nm (≈9.1%) greater than the value indicated in Table 4 for MDTC-SVM on 3000 rpm. 
Conclusions
In this article classical DTC-SVM has been analysed and it has been proven that classical DTC-SVM has severe instability-problems during overload-conditions. Therefore, a novel MDTC-SVM method was invented which is stable during overload-conditions. This MDTC-SVM method has demonstrated a far more superior (namely 45% better) overload-capability compared to classical DTC-SVM. Also, it has been concluded that the overload-capability of classical DTC-SVM is heavily dependent on the speed (71% difference relative to the nominal torque of the motor between standstill and 3000 rpm) whereas the overload-capability of MDTC-SVM is practically independent of the speed (only 4% difference relative to the nominal torque of the motor between standstill and 3000 rpm). These advantages of MDTC-SVM come along with the fact that there is no significant difference between classical DTC-SVM and MDTC-SVM from the point of view of the torque-ripple generated and the dynamic performance.
This MDTC-SVM method can be more effectively used for servo-systems than classical DTC-SVM because the new method has better overload-capability, its overload-capability is independent of the speed and remains stable during overload-conditions. These three advantages together can be effectively used for significantly increasing the dynamics of servo-systems.
